Abstract-This paper presents an experimental study of the variation in oscillation characteristics of circular point-contactbased spin-torque oscillators (PC-STOs). We first measured the oscillation behavior of multiple, identically fabricated PC-STOs, then made the same measurements on a PC-STO and rotated the azimuth angle of the bias field ϕ. Our results show considerable device-to-device variations among identical PC-STOs. More striking is large changes within a single PC-STO for a small ϕ rotation, which is totally inconsistent with the geometrical symmetry of the device. These results suggest that the giant magnetoresistance stack has some form of microstructural inhomogeneity, which causes a strong ϕ dependence of the oscillation behavior, eventually resulting in the device-to-device variation. Some possible sources of the inhomogeneity are discussed based on these observation results.
I. INTRODUCTION
Since the initial theoretical predictions and experimental observations of spin transfer torque driven magnetization dynamics, numerous efforts have been devoted to the research on spin-torque oscillators (STOs). A comprehensive summary of the early development and some fundamentals of the research on this topic are given in [Ralph 2008 ]. For the application of microwave generation, a class of STOs based upon a point contact formed on top of an unpatterned giant magnetoresistance (GMR) or tunnel magnetoresistance (TMR) stack (referred to as PC-STO in the following) has been attracting strong attention due to its significantly narrower linewidths than pillar-type STOs owing to the absence of magnetic discontinuities [Silva 2008 ]. It was demonstrated that the linewidth can be further reduced by having two closely formed PC-STOs mutually phase locked [Kaka 2005 , Mancoff 2005 ]. In the past, PC-STOs have suffered from low output power because they were fabricated on a GMR stack that has a much lower MR ratio than MgO-based TMR junctions. This difficulty was recently overcome by Maehara [2010] , who successfully fabricated PC-STOs on a TMR stack, achieving a high output power and narrow linewidth simultaneously. These recent developments have made PC-STOs a promising candidate for nanoscale microwave generation devices.
Our understanding about PC-STO, however, is still limited due to some problems. Kaka [2005] observed that two nominally identical PC-STOs show quite different behaviors when each of them is excited separately. Pufall [2012] observed that a circular PC-STO appreciably changes its behaviors when the bias field is azimuthally rotated by 90
• or switched to the opposite polarity in spite of its axial symmetry. To the author's knowledge, the causes of these observations have not been clarified yet. These variations severely hamper the systematic study of PC-STOs; thus, it is crucial to identify the origin of them in order to understand the physics of PC-STO, and eventually employ it for practical applications. In this paper, we show that the variation is not due to experimental or external factors, but rather likely caused by some form of microstructural inhomogeneity within the GMR stack.
II. EXPERIMENTAL Fig. 1(a) shows the structure of the PC-STOs used in this work. These devices came from the same batch of wafer used in Mancoff [2006] . The GMR stack consists of Pd(5)/Cu(25)/ Co 81 Fe 19 (20)/Cu(6)/Ni 80 Fe 20 (4.5)/Cu(2)/Pd(3.5) (thickness in nm). These films were sputter deposited under room temperature, and no postdeposition annealing was done as the stack does not have an exchange pinning layer. This was patterned into an 8 μm × 24 μm rectangle. On top of the GMR stack was deposited a SiO 2 passivation layer. A circular point contact (whose nominal diameter is denoted as d in the following) was formed by electron beam lithography followed by reactive ion etching through the SiO 2 layer and the deposition of a Cu top electrode layer.
Power spectral density (PSD) and differential resistance (dR) measurements were performed in this study. In both these measurements, two microwave probes having GS/SG pins were engaged, and Probe 2 is insulated from the ground and connected to a high-impedance differential input to conform to the four point cross-bridge configuration as shown in Fig. 1(b) . While the top electrodes were originally patterned to accommodate two GSG probes, the use of GSG probes would make the current path ambiguous because the injection current is split into both upper and lower halves of the GMR mesa, whose split ratio is affected by the contact resistances of the ground pins. Since the contact resistances are quite unstable, it results in poor reproducibility in both PSD and dR measurements. In the four point cross-bridge configuration, Probe 1 injects a dc current and also picks up the high-frequency signal generated by the PC-STO, and Probe 2 A point contact is formed on a GMR stack, whose layer structure is given in the text. Electron flow from the free to fixed layers is defined as positive. (b) Top view of the whole device structure. Two microwave probes having GS/SG pins are used to conform to the four point crossbridge configuration for better reproducibility. The coordinate definition is also given in this figure. picks up the dc voltage drop across the PC-STO. That way, the current path is uniquely determined as shown in Fig. 1 (b) (lower half of the GMR mesa). This eliminates errors due to unstable contact resistances and ensures good reproducibility in both PSD and dR measurements.
A custom sample fixture having these two probes and a two axis rotary stage was inserted into an electromagnet capable of generating up to 1.4 T of magnetic field. This setup allows us to apply a dc bias field H B to the device in arbitrary directions, in both polar angle θ and azimuth angle ϕ. All measurements were made in room temperature. The SI unit system is followed throughout this paper. • . Each line in the amplitude plot shows multiple peaks and valleys. At valleys, the linewidth becomes very large, and the frequency usually shows an abrupt change. These features clearly show that the oscillation undergoes several mode transitions as the injection current is swept. The frequency differs by more than 1 GHz in the ranges of both i < 18 mA and i > 28 mA, and the amplitude profile, linewidth and mode transition points all show very different behaviors between these two PC-STOs. Fig. 2(b) is the dR of five PC-STOs with d = 80 nm. Each line shows multiple peaks, which occur at mode transitions. The shape of the dR plot is qualitatively different from one another. In summary, these PC-STOs show poor consistency in spite of sharing an equivalent structure. These measurements were performed on PC-STOs with d ranging from 50 to 300 nm. The results are summarized as follows. First, the results are very repeatable, and show no hysteresis against any parameters such as the injection current, bias field magnitude, and angle. We stress that almost the same results, including their detailed features, are obtained every time the device is measured under the same conditions. This indicates that measurement artifacts are not a significant source of variation. Second, PC-STOs with the same d show quite large variations regardless of the value of d, just like in Fig. 2(a) and (b) .
III. RESULTS AND DISCUSSION

A. Measurements on Multiple PC-STOs
In magnetic systems, the influence of the static domain structure is always a concern. The CoFe film may have on the order of 10 mT (100 Oe) of anisotropy field depending on the grain size [Platt 2000 ]. The Oersted field induced by the injection current can be as large as about 180 mT (1800 Oe) in this study. These fields may affect the static magnetic configuration, acting as a source of variation. In order to minimize these effects, we measured the dR on five PC-STOs with d = 80 nm under a strong in-plane bias field (μ 0 H B = 1.3 T and θ = 90
• ) that should saturate the magnetization into a nearly single domain state. As shown in Fig. 2(c) , the dR still shows large device-to-device variations. Unfortunately, the oscillation frequencies under this biasing condition seem to go beyond the frequency range of our measurement apparatus (26.5 GHz); thus, the PSD result is not available. However, the large device-to-device variation in the dR measurement suggests that the oscillation behaviors of these PC-STOs vary even under a single domain state. This result and the nonhysteretic behavior rule out the possibility that the static domain structure plays a role as a source of variation.
The PSD measurement detected a small oscillation peak in the range of i < 12 mA on one of the two PC-STOs, which is pointed out by arrows in Fig. 2(a) . This peak is notably different from the main peak in the higher current range. This peak slowly redshifts as the current increases, whereas the main peak blueshifts. This peak has a very small amplitude but also very narrow linewidth of only a few megahertz. This peak emerges first as the current increases from 0 mA, stays there for several milliampere and just disappears, then the main peak follows shortly afterward. A similar peak was observed on three out of five PC-STOs. This may be a signature of oscillation only within a small portion of the entire contact due to an inhomogeneous current density, which can be caused by various factors such as patterning irregularity, oxidation or residue at the interface and defects or uneven thicknesses in the GMR stack. Such an inhomogeneous current density can also cause device-to-device variations.
In order to examine the possibility that the current density is inhomogeneous, the conductance at zero dc injection current was plotted as a function of d in Fig. 3(a) . The figure shows a very tight distribution within the same d. A SEM micrograph of two PC-STOs fabricated on the same wafer presented in Fig. 1(c) of Mancoff [2005] shows quite regular circles with nearly the same diameter. These results imply that the patterning was done accurately, reactive ion etching left a clean metal surface without any residue or oxidation and the GMR stack has good uniformity. We also calculated the current density by finite element method (FEM) assuming that the top and bottom electrode layers have the bulk Cu conductivity (6.0 × 10 7 S/m) and treating the GMR stack as a bulk film with an average conductivity σ GMR fitted to the measured values. The conductance calculated by FEM with σ GMR = 2.9 × 10 6 S/m agrees very well with the measurement as shown in Fig. 3(a) , indicating that this model should be reasonably accurate, and the film thicknesses are uniform over the wide area of the wafer. Fig. 3(b)-(d) shows the z-component of the current density, J z , within the PC-STO structure with d = 80 nm. J z in (b) is right under the contact. At this height, the current is crowded along the edge of the circular contact. This is the reason why the conductance scales not quadratically but almost linearly with d. In (c), J z is at the middle of the Cu spacer (13 nm below the contact). At this height, J z is broadened to be nearly uniform across the contact area. In (d), J z is at the same height as in (c) for a PC-STO having a protrusion with a 10 nm in radius at the edge of the circular contact to simulate the effect of edge roughness. The protrusion does create a somewhat higher J z along its edge right under the contact (not shown), but at the middle of the GMR stack, J z is so quickly broadened to be nearly uniform that the only signature of the protrusion is seen in the slight deviation of the shape of the J z profile from a circle. These results suggest that the PC-STOs used in this study have high geometrical uniformity, and small edge roughness cannot create an appreciable inhomogeneity of the current density in the GMR stack, thus patterning irregularities are not likely to be the origin of either the device-to-device variation or the small peak observed on only some of the PC-STOs in the PSD measurement.
B. Measurements of the Azimuth Angle Dependence of a Single PC-STO
We performed the PSD and dR measurements on PC-STOs while rotating the azimuth angle of the bias field ϕ in order to see if the oscillation reflects the geometrical symmetry of the device or not. Fig. 4(a) and (b) show the behavior of the oscillation peak and dR on a PC-STO with d = 80 nm under the same biasing condition as in Fig. 2(a) and (b) but with ϕ changed over one full rotation. The nominal PC-STO geometry is axially symmetric if patterning irregularities are ignored and lateral currents in the top and bottom electrode layers are assumed to flow into/out of the contact area radially; thus, the oscillation should be invariant to ϕ under this simplification. In reality, the lateral currents are flowing in from the one direction and out to another as shown in Fig. 1(b) . This uneven current flow breaks the axial symmetry so it is expected to lead to some kind of sinusoidal-shaped gradual change in the oscillation behavior as ϕ is rotated. However, the ϕ dependence was found to be much more rapid and complex than expected from the simple geometry of the PC-STO. Similar results were observed on every PC-STO as long as it precessed, regardless of the diameter, bias field magnitude, and orientation. Fig. 4(c) is the dR under a strong in-plane bias field as in Fig. 2(c) . Even under this biasing condition, the dR still shows quite large variations as ϕ is rotated. These results clearly show that the PC-STO oscillation is very sensitive to ϕ, but does not reflect the device symmetry. A small ϕ rotation totally changes the results, making it behave as if it was another STO. We stress that the ϕ dependence is totally different from one device to another even though they are nominally identical, but repeatable if each device is put under the same condition.
One interesting observation is that the small peak observed in Fig. 2 (a) also appeared in Fig 4(a) , as pointed out by arrows, only under some azimuth angles. This means that this small peak is not merely due to an inhomogeneous "charge" current density that is considered to be nearly independent of the bias field orientation, but due to some kind of mechanism dependent on the magnetization.
C. Discussion
We have measured the device-to-device variation and ϕ dependence of the PC-STO oscillation behaviors. The results show striking changes for a small ϕ rotation, suggesting that the ϕ dependence within one PC-STO is the cause of the deviceto-device variation.
As stated earlier, all the measurement results are very repeatable, and nonhysteretic. Also, the variation persists even under a strong in-plane bias field. These mean that the variability should stem from some kind of nonmagnetic, structural irregularities within each PC-STO. The conductance measurement, however, indicates that patterning irregularities are likely to be negligibly small. Thus, we infer some form of microstructural inhomogeneities within the GMR stack to be responsible for the variation. It has been shown that the MR ratio is strongly affected by small amount of defects or impurities [Vouille 1997 ], surface roughness, or intermixing at the interface [Superiosu 1993] . It is possible that the local MR ratio, which is a direct indicator of the spin polarization ratio, may have short-range inhomogeneities due to these factors. The interfacial inhomogeneities may also give rise to local modification of the effective field through Neel coupling. Another possibility is the granularity of the film. Yuasa [2000] observed that the MR ratio of a TMR stack having an epitaxial Fe fixed layer and Al 2 O 3 amorphous tunnel barrier is highly dependent on the crystal orientation of the Fe layer. The CoFe film in this study is polycrystalline having in-plane random grain orientation, though it may have a certain out-of-plane texture. This means that the spin polarization ratio may be different for each grain depending on the relative angle between the magnetization and the crystal lattice. We speculate that any of these microstructural inhomogeneities, perhaps a combination of them, may create magnetic hotspots that weakly couple to one another with varying oscillation strengths depending on the biasing condition, resulting in the complex ϕ dependence and several mode transitions observed in this study.
IV. CONCLUSION
We measured the PSD and dR on circular PC-STOs having different diameters under azimuthally rotating bias fields in order to identify the origin of variation in the oscillation characteristics. The results ruled out all the possible sources of variation commonly suspected, such as measurement artifacts, change of static domain structure, patterning irregularity, and broken symmetry due to uneven lateral current flow. This suggests that the variation stems from some form of microstructural inhomogeneities within the GMR stack. An examination of the effect of a microstructure on the oscillation behavior is beyond the scope of this paper, however. In order to better understand, and tame the oscillation behavior of the PC-STO, further studies are needed to thoroughly investigate the origins of these variations.
